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Abstract
X-ray emission associated with the west lobe of the giant radio galaxy, 3C 236, was inves-
tigated with the Suzaku observatory, to evaluate the energetics in the lobe. After removing
contamination from point-like X-ray sources detected with Chandra and subtracting the X-ray
and non-X-ray backgrounds, the Suzaku spectrum from the lobe was reproduced by a power-
low model with a photon index of Γ=2.23+0.44+0.14−0.38−0.12 where the first and second errors represent
the statistical and systematic ones, respectively. Within the errors, the X-ray index was consis-
tent with the radio synchrotron one, ΓR = 1.74± 0.07, estimated in the 326 – 2695 MHz range.
This agreement supports that the X-ray emission is attributed to the inverse-Compton radia-
tion from the synchrotron electrons filling the lobe, where the cosmic microwave background
photons are up-scattered. This result made 3C 236 the largest radio galaxy, of which the lobe
has ever been probed through the inverse-Compton X-ray photons. When the photon index
was fixed at ΓR, the X-ray flux density at 1 keV was measured as SX = 12.3± 2.0± 1.9 nJy.
A comparison of the X-ray flux to the radio one (SR = 1.11± 0.02 Jy at 608.5 MHz) yields the
energy densities of the electrons and magnetic field in the west lobe as ue=3.9+0.6+1.0−0.7−0.9×10−14
ergs cm−3 and um = 0.92+0.21+0.52−0.15−0.35× 10−14 ergs cm−3, respectively, indicating a mild electron
dominance of ue/um = 4.2+1.6+4.1−1.3−2.3. The latter corresponds to the magnetic field strength of
B = 0.48+0.05+0.12−0.04−0.10 µG. These are typical among the lobes of giant radio galaxies. A compi-
lation of the ue-size relation for the inverse-Compton-detected radio galaxies implies that the
west lobe of 3C 236 is still actively energized by its jet.
Key words: galaxies: individual (3C 236) — galaxies: jets — radiation mechanisms: non-thermal —
magnetic fields — X-rays: galaxies
1 Introduction
Radio sources with a total projected size of D>∼ 1 Mpc are cat-
egorized into giant radio galaxies. They constitute one of the
largest classes of astrophysical objects in the Universe. With
a typical spectral age Tage being higher than a few 10 Myr
(Schoenmakers et al. 2000), they are recognized as relatively
old systems. Therefore, the giant radio galaxies are utilized to
investigate the activity of jets and associated lobes in evolved
radio sources, which has been yet to be explored.
Lobes of radio galaxies accumulate an enormous amount of
relativistic plasma, comprised of electrons and magnetic field
(and possibly heavy particles including protons, although the
c© 2014. Astronomical Society of Japan.
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Table 1. Log of observations
Observatory ObsID Date (R.A., Decl.) ∗ GTI (ks) Target
Suzaku 707005010 2012 May 6 – 8 (151.◦3326, +35.◦0063) 78.0 West Lobe
Suzaku 707006010 2012 May 8 – 9 (151.◦1525, +34.◦7488) 42.4 XRB
Chandra 10246 2012 March 10 — 29.4 West Lobe
∗ The sky coordinates at the XIS nominal position.
present paper does not deal with them). The plasma energy
in the lobes is sourced from the bulk kinetic energy of the jets
through their terminal hot spots. This makes the lobes one of
the most valuable probes for the past jet activity. It is able to
estimate roughly the plasma energy in the lobes by their syn-
chrotron radio radiation. However, the radio information alone
is not useful to disentangle the electron and magnetic-field ener-
gies, and thus, the minimum energy condition (Miley 1980) was
widely assumed, without any concrete physical justification.
Another valuable information to study the energetics should
be provided by inverse Compton (IC) X-ray emission from the
synchrotron-emitting electrons in the lobes, where the cosmic
microwave background (CMB) photons are boosted up (Harris
& Grindlay 1979). The IC X-ray spectrum, in comparison with
the synchrotron radio one, enables an independent estimate of
the electron and magnetic energies. In the last two decades since
its discovery from the lobes of Fornax A (Feigelson et al. 1995;
Kaneda et al. 1995), the IC X-ray radiation has been a standard
tool to diagnose the lobe energetics (e.g., Tashiro et al. 1998;
Isobe et al. 2002; Isobe et al. 2005; Croston et al. 2005; Isobe
et al. 2006; Migliori et al. 2007; Tashiro et al. 2009; Takeuchi
et al. 2012; Stawarz et al. 2013). The technique was strengthen
by the IC γ-ray detection with the Fermi observatory from the
outer lobes of Centaurus A (Abdo et al. 2012). As a result,
the electron energy is found to surpass the magnetic one in the
lobes, typically by a factor of 1 – 100.
Until recently, IC X-ray examination on lobes of giant ra-
dio galaxies has been hampered by mainly their faintness. For
diffuse X-ray sources with a low surface brightness, the X-ray
Imaging Spectrometer (XIS; Koyama et al. 2007) onboard the
Suzaku observatory (Mitsuda et al. 2007) exhibits a great advan-
tage, owing to its moderate field of view (a ∼18′ square) and to
its rather low and stable instrumental background (Tawa et al.
2008). Actually, a systematic study with the XIS has been just
conducted for the lobes of several giant radio galaxies (Isobe
et al. 2009; Isobe et al. 2011a; Isobe et al. 2011b). This re-
search arrived at a significant detection of IC X-ray photons
from these lobes, and pioneeringly hinted that the current jet
activities are significantly declined in the giant radio galaxies,
compared with those with a moderate size (e.g., D <∼ 500 kpc).
This motivates us to enlarge urgently the sample of IC-detected
giant radio galaxies.
The giant radio galaxy, 3C 236, is located at the redshift
of z = 0.1005 ± 0.0005 (Hill et al. 1996). Assuming the
cosmology with H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and
Ωλ = 0.73, the redshift gives an angle-to-size conversion ra-
tio of 109.8 kpc/1′. It is optically classified as a low excita-
tion radio galaxy, with weak emission lines (Laing et al. 1983).
With a classical Fanaroff-Riley II radio morphology (Laing et
al. 1983), the radio source has an angular extent of ∼40′ (Willis
et al. 1974; Strom & Willis 1980), which corresponds to a pro-
jected linear size of D ∼ 4.4 Mpc. Therefore, this had been
known as the largest radio source all over the sky, until the gi-
ant radio galaxy J1420-0545 with a size of D ∼ 4.7 Mpc was
discovered (Machalski et al. 2008). The age of the source is
estimated as Tage = 98± 3 Myr by the synchrotron aging tech-
nique (Schoenmakers et al. 2000), indicating that it is really an
elderly radio galaxy. These make 3C 236 as an ideal target for
the IC X-ray study with Suzaku. Actually, a faint X-ray emis-
sion associated with its west lobe has been concretely detected
in the Suzaku observation, as is reported in the present paper.
2 Observation and Data Reduction
2.1 Suzaku Observation
The log of the Suzaku observations for the giant radio galaxy,
3C 236, is given in table 1. We focused on the west lobe, since
radio images of 3C 236 (e.g., Barthel et al. 1985; Mack et al.
1997) indicate that diffuse radio emission is more pronounced
in the west lobe while a significant dominance of double bright
hot spots is recognized in the east one. The central region of
the west lobe was placed at the nominal position of the X-Ray
Telescope (XRT; Serlemitsos et al. 2007) for the XIS. We fixed
the satellite roll angle at 300 deg, in order to avoid contamina-
tion onto the west lobe from calibration sources at the specific
corners of the XIS field of view, and distortion by the anoma-
lous columns of the XIS 01. Unfortunately, in this configura-
tion, the 3C 236 nucleus is located slightly outside the XIS field
of view. We observed another sky field on the southwest of the
west lobe field, which is known to be relatively free from con-
taminating bright X-ray point sources (e.g., Voges et al. 1999),
and evaluated the X-Ray Background (XRB) spectrum. This
XRB field has not yet been observed with ASCA, Chandra, and
XMM-Newton.
The present paper deals with the XIS results only, because
1 See §7.1.2 of the Suzaku Technical Description;
http://www.astro.isas.jaxa.jp/suzaku/doc/suzaku td/.
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no significant X-ray signals were detected with the Hard X-ray
Detector (Takahashi et al. 2007) from both sky field. The stan-
dard software package, HEASoft 6.16, was adopted for data
reduction and analysis. We referred the calibration database
(CALDB) as of 2014 July 1 and 2011 June 30 for the XIS and
XRT, respectively. All the XIS events were reprocessed with the
Suzaku tool, aepipeline. We filtered the data by the follow-
ing standard criteria; the satellite is outside the South Atlantic
Anomaly (SAA), the time after an SAA passage is larger than
436 s, the geomagnetic cut-off rigidity is higher than 6 GV, the
source elevation is higher than 20◦ and 5◦ above the rim of day
and night Earth, respectively, and the XIS data are unaffected
by telemetry saturation. The filtering procedures yielded 78.0
ks and 42.4 ks of good exposures for the west-lobe and XRB
fields, respectively.
In the scientific analysis below, we picked up those events
with an XIS grade of 0, 2, 3, 4, or 6. In order to mitigate
the artificial increase in the Non-X-ray Background (NXB)
level related to the charge injection, those pixels flagged as
SCI 2ND TRAILING ROW were masked out for the backside-
illuminated (BI) CCD chip (XIS 1)2.
2.2 Archival Chandra Data
Thanks to its sub-arcsecond angular resolution, Chandra is very
useful to evaluate the X-ray flux of possible contaminating faint
point-like sources located within the west lobe, which are unre-
solved with the Suzaku XIS. 3C 236 has ever been observed by
the Chandra ACIS-I array with three exposures. Among them,
we selected the observation aiming at its west lobe (ObsID =
10246; see table 1).
The ACIS data were reduced with the software package
CIAO 4.6. We reprocessed the data and created a new level
2 event file with the tool chandra repro, by referring to
CALDB 4.6.2. Because the NXB count rate integrated over the
whole ACIS-I array was found to be fairly stable throughout the
observation, we performed no additional data screening to the
new level 2 event file. Correspondingly, we obtained 29.4 ks
of good exposure on the west lobe. When the science products
were derived, the grade selection criterion similar to that for the
Suzaku XIS (i.e., 0, 2, 3, 4, or 6) was applied.
3 Image Analysis
The left panel of figure 1 displays the XIS image of the 3C
236 west lobe. Here, we extracted the XIS events in the 0.5
– 5.5 keV range, where the observed data are free from photons
from the calibration sources at the field-of-view corners. The
2 See “Amount of Charge Injection for XIS 1 and NXB Increase with CI=6
keV”;
http://www.astro.isas.jaxa.jp/suzaku/analysis/xis/xis1 ci 6 nxb/
Table 2. Chandra X-ray sources detected inside the ellipse, rep-
resenting the west lobe.
(R.A., Decl.) ∆θ ∗ t †
(151.◦29288, +35.◦06163) 1.2 3.2
(151.◦33095, +35.◦04535) 0.7 4.5
(151.◦28930, +35.◦03829) 0.3 6.4
(151.◦26875, +35.◦03690) 0.9 4.3
(151.◦26740, +35.◦03364) 0.8 8.0
(151.◦36171, +35.◦02858) 0.1 10.7
(151.◦34551, +35.◦02092) 0.1 30.7
(151.◦33296, +35.◦00870) 0.1 18.9
(151.◦35938, +34.◦99214) 0.2 4.9
(151.◦37328, +34.◦98764) 0.2 8.6
(151.◦35123, +34.◦98246) 0.1 10.1
(151.◦33097, +34.◦97106) 0.1 22.4
(151.◦41207, +34.◦96578) 0.3 6.1
(151.◦38690, +34.◦95742) 0.1 16.4
(151.◦40676, +34.◦94915) 0.6 3.6
∗ The position error in arcsec
† The detection significance
data from all the CCD chips (XIS 0, 1 and 3) were summed
up. Neither the XRB nor NXB was subtracted. The image was
smoothed with a two-dimensional Gaussian kernel of 30′′ ra-
dius. The radio image of 3C 236 at 608.5 MHz (Mack et al.
1997)3 was superposed with contours. The figure 1 left panel
suggests faint X-ray emission associated with the west lobe, al-
though it is certainly contaminated by several unresolved X-ray
sources behind the lobe.
The Chandra ACIS-I image of the same sky field in 0.5 – 7
keV is presented in the right panel of figure 1. The image clearly
reveals numbers of point-like X-ray sources. We performed a
source detection procedure by the CIAO tool wave detect
with a standard parameter set. The exposure and point-spread-
function maps over the ACIS field of view was correctly taken
into account for the source detection. In total, 44 X-ray sources
were detected with a significance of t>3σ within the ACIS field
of view. These sources are plotted with the circles or boxes in
figure 1.
Utilizing the 608.5 MHz radio map, we evaluated the size of
the west lobe. The standard deviation, σr, of the radio inten-
sity in the source free pixels was regarded as the noise level of
the radio map. The emission region was defined as those pixels
with a radio surface brightness of ≥ 3σr. We successfully ap-
proximated the envelope of the emission region of the west lobe
by an ellipse, which is shown in figure 1 with the solid line.
3 The electric version is available from the NASA/IPAC Extragalactic
Database (NED), operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and
Space Administration.
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Fig. 1. (left) Background-inclusive Suzaku XIS image of the 3C 236 west lobe in the 0.5 – 5.5 keV range, on which the 608.5 MHz radio contours (Mack et
al. 1997) are superposed. The XIS image was smoothed with a two-dimensional Gaussian kernel of a 30′′ radius, while it was uncorrected for exposure. The
scale bar indicates the signal counts within a 10′′ × 10′′ bin. The XIS spectrum of the west lobe was accumulated from the solid ellipse. The circles point the
contaminating Chandra ACIS sources, taken into account in the XIS spectral analysis (see tables 2 and 4). The nucleus of 3C 236, shown with the cross, is
located outside the XIS field of view. (right) Background-inclusive Chandra ACIS image of the similar sky field in 0.5 – 7 keV, smoothed with a two-dimensional
Gaussian of a 4′′ radius. The scale bar displays the signal counts within a 2′′ × 2′′ bin. The X-ray sources detected with the ACIS inside the XIS spectral
integration region (the ellipse) are overplotted with the circles, while those outside the region are indicated by the boxes.
After decomvolving the radio beam size, the ellipse has a major
and minor radius of 6.′74 and 2.′78, respectively, corresponding
to the projected size of 740 kpc and 305 kpc at the redshift of
3C 236. The X-ray spectrum from the west lobe is accumulated
in this ellipse (see §4.3). On the region, the 15 Chandra sources,
plotted with the circles in figure 1, were detected. These sources
are listed in table 2.
Table 3. Best-fit spectral parameters for the XRB
Parameter Value
NH (cm−1) 9.3× 1019 §
Γ 1.41#
kT1 0.204
∗∗
kT2 0.074
∗∗
ftot (erg s−1 cm−2 str−1) ∗ (6.1± 0.2)× 10−8
fPL (erg s−1 cm−2 str−1) † 4.6× 10−8
fth (erg s−1 cm−2 str−1) ‡ 2.5× 10−8
χ2/dof 95.8/79
∗ The total absorption-inclusive surface brightness in 0.5 – 5
keV.
† The absorption-inclusive surface brightness of the PL com-
ponent in 2 – 10 keV.
‡ The absorption-inclusive surface brightness in 0.5 – 2 keV,
summed over the 2 MEKAL components.
§ Fixed at the Galactic value (Kalberla et al. 2005).
# Taken from Kushino et al. (2002).
∗∗ Taken from Lumb et al. (2002).
4 Spectral Analysis
4.1 X-ray Background
It is inevitably required to precisely subtract the NXB and XRB
levels, for the spectral analysis of extended X-ray emission with
a low surface brightness. It is reported that the NXB level of
the XIS is predictable with an accuracy of ∼ 3% for a typical
exposure of 50 ks by utilizing the xisnxbgen tool (Tawa et al.
2008). We make use of the XIS data accumulated from the XRB
field (see table 1) to model the XRB spectrum in the direction
to 3C 236.
The 0.5 – 5.5 keV XIS image of the XRB field is plotted
in figure 2. We extracted the XRB spectrum within the solid
rectangle in the image. The region is selected so as not to
be affected by the anomalous columns of the XIS 0. In addi-
tion to the previously known X-ray sources (the crosses in fig-
ure 2), listed in the Second ROSAT Source Catalog of Pointed
Observations with the Position Sensitive Proportional Counter4,
a few point sources and faint extended X-ray emission were
recognized within the regions. Then, the dashed rectangle and
circles in the image were discarded. Figure 3 shows the XRB
spectrum derived from the region, after the NXB spectrum gen-
erated by xisnxbgen was subtracted. We co-added the data
from the two front-illuminated (FI) CCD chips (XIS 0 and 3).
The XIS response matrix functions (rmfs) of this region were
4 Taken from http://www.xray.mpe.mpg.de/cgi-bin/rosat/src-browser
Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 5
0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5
151.000151.125151.250151.375
34.600
34.700
34.800
Fig. 2. Suzaku XIS image of the XRB region in 0.5 – 5.5 keV, smoothed
with a two-dimensional Gaussian function of a 30′′ radius. The integration
region for the XRB specrum is indicated by the solid rectangle, from which
the dashed rectangle and two circles were removed. The X-ray sources,
taken from the Second ROSAT Source Catalog of Pointed Observations with
the Position Sensitive Proportional Counter, are displayed with the crosses.
created by xisrmfgen. Assuming a diffuse source with a ra-
dius of 20′ , which has a flat spatial distribution, we simulated
the auxiliary response files (arfs) by xissimarfgen (Ishisaki
et al. 2007).
The 0.2 – 10 keV XRB spectrum is widely known to be
decomposed into a power-law (PL) component and a two-
temperature thermal plasma emission (Kushino et al. 2002;
Lumb et al. 2002). The PL component is reported to exhibit
an average surface brightness of fPL = (6.4± 0.6)× 10−8 ergs
cm−2 s−1 str−1 in 2 – 10 keV, with a rather small spatial fluc-
tuation of ∼ 7%. Its photon index is accurately determined as
Γ = 1.41 (Kushino et al. 2002). This component is believed
to be dominated by unresolved faint sources, including distant
active galactic nuclei. By adopting the MEKAL code (Mewe
et al. 1985), the temperatures of the thermal plasma emission
were determined as kT1 = 0.204 keV and kT2 = 0.074 keV
(Lumb et al. 2002). The thermal components are thought to
be of Galactic and local origin, and its surface brightness is re-
ported to be highly variable from field to field.
We fitted the XIS spectrum from the XRB region with a
composite model consisting of the PL component (Γ = 1.41)
and the two MEKAL ones (kT1 = 0.204 keV and kT2 = 0.074
keV). All the components were subjected to the Galactic ab-
sorption toward 3C 236 with a hydrogen column density of
NH = 9.3× 10
19 cm−2 (Kalberla et al. 2005). The model was
found to be reasonable (χ2/dof = 95.8/79), yielding the best-
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Fig. 3. NXB-subtracted Suzaku XIS spectreum of the XRB. The best-fit
model, comprised of a PL component (Γ = 1.41; solid line) and two MEKAL
ones (kT1=0.204 keV and kT2=0.074 keV; the dashed-dotted and dotted
lines respectively), is indicated by the histograms.
Table 4. Best-fit parameters for the summed spectrum of the 15
contaminating sources on the west lobe.
Parameter Value
NH (cm−1) 1.3+1.2−1.0 × 1021
Γ 2.0± 0.3
Fsrc (erg s−1 cm−2) ∗ (1.2± 0.1)× 10−13
χ2/dof 6.9/13
∗ The 0.5– 5 keV absorption-inclusive flux
fit parameters tabulated in table 3. The measured 2 – 10 keV
surface brightness of the PL component, fPL = 4.6×10−8 ergs
cm−2 s−1 str−1, falls near the lowest end of the XRB surface
brightness distribution (Kushino et al. 2002). Therefore, we
have judged that the best-fit XRB model is safely applied to
the spectral analysis of the west lobe.
4.2 Contaminating point sources
The Chandra ACIS signals from each X-ray source, detected on
the integration region for the XIS spectrum from the west lobe
(the ellipse in figure 1), were integrated within a circle of a 10
pixel (4.′′9) radius centered on the source position (see table 2).
The NXB plus XRB events were accumulated from a concentric
annuls with a radius of 15 – 30 pixel (7.′′4–14.′′8). The spectral
files, together with the rmf and arf ones, were created by the
CIAO script specextract. The energy-dependent aperture
correction was applied to the arfs.
Due to low signal statistics for the individual sources, we
presents the ACIS spectrum summed over the 15 sources in fig-
ure 4. The rmf was simply averaged over these sources, after
it was multiplied by the corresponding arf. The spectrum was
6 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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Fig. 4. Sum of the Chandra ACIS spectra from the 15 sources detected on
the west lobe (table 2). The histogram indicates the best-fit PL model.
successfully approximated by a PL model modified by a free
absorption (χ2/dof =6.9/13). The best-fit parameters are sum-
marized in table 4. The summed absorption-inclusive X-ray flux
from the sources was measured as Fsrc = (1.2± 0.1)× 10−13
erg s−1 cm−2 in 0.5 – 5 keV. The photon index, Γ = 2.0± 0.3,
was found to agree with a typical value of nearby active galaxies
in the similar energy range (Miyazawa et al. 2009).
4.3 West Lobe
4.3.1 Significant excess signals
Figure 5 shows the XIS spectra of the west lobe integrated
within the ellipse in figure 1, after the NXB events simulated
by the xisnxbgen tool were subtracted. The data below 0.6
keV were discarded, since we noticed considerable inconsis-
tency between the XIS FI and BI data in the spectral fitting over
this energy range, probably due to the calibration uncertainty.
The signal statistics from the region in the 0.6 – 5.0 keV range
are summarized in table 5. We adopted the typical NXB sys-
tematic uncertainty of 3% (Tawa et al. 2008). Significant X-ray
signals exceeding the NXB were detected, with an FI and BI
count rate per one CCD chip of (1.94± 0.04± 0.015)× 10−2
cts s−1 and (2.67± 0.07± 0.03)× 10−2 cts s−1, respectively.
Here, the first and second error represents the statistical and sys-
tematic one, respectively.
The NXB-subtracted XIS spectra of the west lobe plotted in
figure 5 inevitably include the XRB signals and contamination
from the point sources, in addition to the signals from the west
lobe itself. In the similar manner to that adopted in §4.1, the rmf
and arf of the west lobe region to the XRB were generated. The
dash-dotted lines in the left panel of figure 5 indicate the XRB
model spectrum (table 3), which is convolved with the XIS rmf
and arf. The FI and BI count rates of the XRB within the west
lobe region in 0.6 – 5.0 keV were estimated as (1.01± 0.03)×
10−2 cts s−1 and (1.44± 0.04)× 10−2 cts s−1, respectively.
The rmfs and arfs of the west lobe region to the 15 Chandra
X-ray sources listed in table 2 were individually calculated, and
they were simply averaged over all the sources. The best-fit
PL model to the sum of the Chandra spectra from these sources
(see figure 4 and table 4) is drawn with the dotted lines in the
figure 5 left panel, after it is convolved with the averaged rmf
and arf. The contamination from these sources onto the 0.6 –
5.0 keV FI and BI count rate of the west lobe were estimated
as (0.58± 0.03)× 10−2 cts s−1 and (0.73± 0.04)× 10−2 cts
s−1, respectively. We neglected the Chandra sources detected
outside the signal integration region, since their contribution is
inferred as at most 9% of the sum signals from the 15 sources.
The solid lines in the left panel of figure 5 present the sum
spectrum of the XRB and source contamination. The residuals
plotted in the bottom clearly visualizes excess signals over these
two components (χ2/dof = 249.1/134). The 0.6 – 5.0 keV
excess count rate is estimated as (0.35± 0.04± 0.05)× 10−2
cts s−1 and (0.50± 0.07± 0.07)× 10−2 cts s−1 with the XIS
FI and BI, respectively. Here and hereafter, the errors of the
best-fit spectral models to the XRB and to the contaminating
sources were propagated to the systematic error (i.e., the second
one). Thus, the statistical significance of the excess with the
FI and BI was evaluated as 8.7σ and 7.4σ, respectively. Even
if the systematic errors are taken into account, the excess has
remained meaningful.
4.3.2 Spectral modeling
In order to reproduce the excess spectrum from the west lobe re-
gion, we employed an additional absorbed PL component. The
arf to this PL component is calculated for a diffuse source fill-
ing the ellipse in figure 1 with a uniform surface brightness.
First, we fitted the XIS spectrum with the photon index Γ and
absorption column density NH both left free. The confidence
map in the figure 6 visualizes that the Galactic absorption to-
ward 3C 236 with the column density of NH=9.3×1019 cm−2
(Kalberla et al. 2005) is fairly preferable, although the accept-
able range is found to be slightly wide. Morganti et al. (2005)
reported a massive nuclear outflow of neutral gas with a column
density of NH = 5×1021 cm−2, which could affect the nuclear
jet emission. Such a high column density, which requires a very
soft spectrum (Γ >∼ 4), is outside the 98% statistical confidence
range. We think that the nuclear outflow should not impinge
upon the X-ray emission from the Mpc-scale lobe, since it is
reported to exhibit a spatial extent of only ∼ 1 kpc.
Based on the argument above, we decided to adopt the
Galactic absorption for the west lobe. The excess spectrum is
successfully described with the PL model modified by Galactic
absorption as is indicated by the dashed lines in the right panel
of figure 5 (χ2/dof = 142.2/132). The best-fit spectral pa-
rameters for the excess are tabulated in table 6 (Case 1). The
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Table 5. Signal statistics from the west lobe region.
FI signal (10−2 cts s−1)∗ BI signal (10−2 cts s−1)∗
Data 2.44 0.04 — 3.65 0.07 —
NXB 0.50 0.005 0.015 0.98 0.02 0.03
Signal 1.94 0.04 0.015 2.67 0.07 0.03
XRB 1.01 — 0.03 1.44 — 0.04
Sources§ 0.58 — 0.03 0.73 — 0.04
Excess# 0.35 0.04 0.05 0.50 0.07 0.07
∗ Count rate per one CCD chip evaluated in 0.6 - 5 keV.
† Statistical error.
‡ Systematic error.
§ Contamination from the 15 Chandra srouces detected on the west lobe region.
# Excess signals, after the NXB, XRB and source contamination were subtracted.
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Fig. 5. NXB-subtracted XIS spectra of the 3C 236 west lobe. In the left panel, the XIS data are compared with the spectral model (the solid histogram)
consisting of the XRB (the dased-dotted lines) and the contamination from the Chandra X-ray sources detected on the west lobe (the dotted lines). The
residual spectrum is plotted in the bottom layer. In the right panel, the excess over the XRB plus conamination source model is fitted by an additional PL
component (the dashed lines), representing the X-ray emission from the west lobe.
photon index and flux density at 1 keV is measured as Γ =
2.23+0.44+0.14−0.38−0.12 and SX = 15.3+3.0−3.1 ± 1.8 nJy, respectively.
In figure 7, the spectral energy distribution of the X-ray ex-
cess from the west lobe is compared with that of the radio syn-
chrotron emission. The radio data of the west lobe are taken
from Mack et al. (1997). Since the X-ray spectral integration
region adopted here (the ellipse in figure 1) corresponds to the
combination of the western lobe and western hot spot regions
defined in Mack et al. (1997), we evaluated the radio flux of the
west lobe by adding those from these two regions. The low-
frequency synchrotron radio photon index of the west lobe was
estimated as ΓR = 1.74± 0.07 in the 326 – 2695 MHz range,
where the radio image reveals a dominance of diffuse emission.
The best-fit index of the X-ray excess from the west lobe agrees
with this value, within the errors. Therefore, we re-examined
the PL model with the photon index fixed at the radio value
(Γ = 1.74). As a result, a reasonable fit (χ2/dof = 146.8/133;
Case 2 in table 6) was obtained. The flux density of the PL
component was derived as SX = 12.3± 2.0± 1.9 nJy at 1 keV.
Table 6. Summary of the PL fitting to the excess emission from
the west lobe
Parameter Case 1 Case 2
NH (cm−2) 9.3× 1019†
Γ 2.23+0.44+0.14−0.38−0.12
§ 1.74‡
SX (nJy)∗ 15.3+3.0−3.1 ± 1.8§ 12.3± 2.0± 1.9§
χ2/dof 142.2/132 146.8/133
∗ Flux density at 1 keV
† Fixed at the Galactic value (Kalberla et al. 2005)
‡ Fixed at the radio photon index in the 326 – 2695 MHz range.
§ The first and second errors represent the statistical and sys-
tematic ones, respectively.
5 Discussion
5.1 Origin of the X-ray emission from the west lobe
After carefully subtracting the NXB, XRB and source con-
tamination, we have detected the excess X-ray emission, as-
sociated with the west lobe of the giant radio galaxy 3C 236,
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Fig. 6. Confidence contours on the Γ – NH plane for the additional PL com-
ponent fitted to the excess XIS spectrum of the west lobe. Three confidence
levels are indicated at 68%, 90% and 99%, with the dotted, dash-dotted and
solid lines, respectively. The cross points the best-fit values (Γ = 2.20 and
NH = 3.0× 10
16 cm−2). The horizontal dashed line corresponds to the
Galactic column density, NH = 9.3× 1019 cm−2.
with a high significance. Its X-ray spectrum is approximated
by the PL model, and the photon index was determined as
Γ = 2.23+0.44+0.14−0.38−0.12 . This is found to be consistent with the
326 – 2695 MHz synchrotron radio index ΓR = 1.74± 0.07,
when the statistical and systematic errors are considered. Thus,
a reasonable fit was derived, by fixing the photon index at ΓR.
As shown in figure 7, the X-ray spectrum of the west lobe does
not smoothly connect to the synchrotron radio one. Therefore,
the X-ray emission is not attributable to the highest frequency
end of the PL-like synchrotron spectrum from the same electron
population as for the radio emission. Referring to the previous
X-ray studies on lobes of giant radio galaxies (e.g., Isobe et al.
2009; Isobe et al. 2011a; Isobe et al. 2011b), these properties
are thought to support an IC origin for this X-ray emission.
The synchrotron X-ray hypothesis is further rejected by an
argument on the electron radiative time scale. We evaluate
the synchrotron life time of electrons which could produce the
synchrotron X-ray photons, by simply assuming the minimum
energy condition (Miley 1980). Because the magnetic field
strength under this assumption is found to be not so far from the
more realistic value to be discussed in §5.2, the following dis-
cussion basically holds. Corresponding to the emission region
defined in §3, the three-dimensional shape of the west lobe is as-
sumed to be an ellipsoid with a major and minor radius of 740
kpc and 305 kpc, respectively. From the synchrotron radio flux
density, SR = 1.11 Jy at 608.5 MHz (calculated from Mack et
al. 1997), and the spectral slope of ΓR =1.74, the minimum en-
ergy magnetic field in the west lobe was estimated asBme∼ 0.8
µG, neglecting the proton contribution. A similar magnetic field
strength was derived by Schoenmakers et al. (2000) under the
equipartition condition asBeq=0.86 µG. In this magnetic field,
the synchrotron photons at 1 keV are expected to be radiated
Fig. 7. Radio and X-ray spectral energy distribution of 3C 236. The PL
model best-fitted to the excess X-ray emission from the west lobe region,
corresponding to Case 1 in table 6, is shown with the bow tie. Only the
statistical errors of Γ and SX are taken into account. The synchrotron ra-
dio data of the west lobe, estimated by adding the radio flux of the ”west-
ern lobe” and ”western hot spot” in Mack et al. (1997), are plotted with the
open diamonds. The filled circles indicate the total radio intensity from 3C
236 (Adgie et al. 1972; Becker et al. 1991; Becker et al. 1995; Cohen et al.
2007; Colla et al. 1973; Condon et al. 1998; Douglas et al. 1996; Genzel
et al. 1976; Gregory & Condon 1991; Hales et al. 1988; Kellermann et
al. 1969; Kellermann & Pauliny-Toth 1973; Kuhr et al. 1981; Mack et al.
1997; Pauliny-Toth et al. 1966; Pilkington et al. 1965; Roger et al. 1986; Viner
& Erickson 1975; Waldram et al. 1996; Witzel et al. 1978).
from electrons with a Lorentz factor of γe∼ 5×108. Such elec-
tron is estimated to loose half of their energy in a time scale of
Tsync=
3mec
4σTume
γ−1e ∼ 0.08 Myr through the synchrotron radia-
tion, where me is the electron mass, c is the speed of light, σT is
the Thomson cross section, and ume=B2me/8pi is the minimum-
energy magnetic energy density. It is important to note that this
Tsync value overestimates the actual radiative cooling time scale
in the lobe of 3C 236, since the Compton loss is neglected.
Nevertheless, the time scale is by three orders of magnitude
shorter than the spectral age of 3C 236, Tage = 98± 3 Myr
(Schoenmakers et al. 2000). We, thus, regard the synchrotron
X-ray explanation as encountering a serious problem due to the
significant radiative loss.
Based on the above consideration, we safely ascribe the de-
tected X-ray emission to the IC radiation from the synchrotron-
emitting electrons within the west lobe of 3C 236. This result
has made 3C 236 the largest radio galaxy of which the lobe is
ever studied through the IC photons.
In the case of radio lobes, three candidate seed photon
sources for the IC scattering were widely proposed; the syn-
chrotron radio photons in the lobes themselves, the infra-red
radiation field from the nucleus (Brunetti et al. 1997), and the
CMB radiation (Harris & Grindlay 1979). The energy density
of the synchrotron radiation spatially averaged over the west
lobe is estimated to be very low as >∼ 10
−19 erg cm−3 from the
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Table 7. Summary of Energetics in the west lobe of 3C 236
Parameter Value Comments
Input SX (nJy) 12.3± 2.0± 1.9 Case 2
SR (Jy) 1.11± 0.02 at 608.5 MHz
ΓR 1.74± 0.07 in 326 – 2695 MHz
V (cm3) 8.5× 1072
Output ue (10−14 erg cm−3) 3.9+0.6+1.0−0.7−0.9 γe = 103 – 105
12.6+2.0+2.3−2.1−2.1 γe = 10
2
– 105
um (10−14 erg cm−3) 0.92+0.21+0.52−0.15−0.35
B (µG) 0.48+0.05+0.12−0.04−0.10
ue/um 4.2
+1.6+4.1
−1.3−2.3 γe = 10
3
– 105
13.7+5.3+8.3−4.3−5.7 γe = 10
2
– 105
radio flux density SR = 1.11 Jy at 608.5 MHz. The infra-red
flux density from the nucleus of 3C 236, 8.4 mJy at the K-band
(Skrutskie et al. 2006), is converted to the nuclear monochro-
matic K-band luminosity as 3× 1044 ergs s−1. This nuclear
photon field yields an infrared energy density of 4×10−16 ergs
s−1 at the nearest edge of the west lobe, which is located at
the projected distance of ∼ 450 kpc from the nucleus. At the
redshift of 3C 236 (z = 0.100500; Hill et al. 1996), the CMB
energy density is precisely predicted as uCMB = 6.0× 10−13
ergs s−1. Therefore, we have concluded that the seed photons
are dominantly provided by the CMB radiation and the other
candidate sources have only a negligible contribution.
5.2 Energetics in the west lobe of 3C 236
By comparing the IC X-ray and synchrotron radio spectral en-
ergy distributions presented in figure 7, we can measure the en-
ergy densities of the electrons and magnetic field, ue and um
respectively, in the west lobe of 3C 236. The input observables,
required to calculate ue and um, are listed in the upper columns
of table 7. The synchrotron radio flux density and photon in-
dex (SR = 1.11± 0.02 Jy at 608.5 MHz and ΓR = 1.74± 0.07
in the 326 – 2695 MHz range, respectively) were derived from
Mack et al. (1997). We adopted the IC X-ray flux density at 1
keV of SX = 12.3± 2.0± 1.9 nJy derived in Case 2 where the
X-ray photon index was fixed at the radio value. Corresponding
to the radio and X-ray spectral slope, the electron number den-
sity spectrum was assumed to be a simple PL form described as
∝ γ
−(2ΓR−1)
e . The volume of the west lobe was estimated as
V = 8.5× 1072 cm3, since we approximated the shape of the
west lobe to be the ellipsoid with the major and minor radius of
740 kpc and 305 kpc, respectively (see §3 and §5.1).
We analytically evaluated the energetics in the west lobe of
3C 236 by referring to Harris & Grindlay (1979). The result is
summarized in the lower columns of table 7. Here and hereafter,
the statistical error of SX is propagated to the first one, while all
the other errors (including those in SR, ΓR and so forth) are
taken into account in the second one. The specially averaged
magnetic field strength is derived as B = 0.48+0.05+0.12−0.04−0.10 µG
from the equation (11) in Harris & Grindlay (1979) described
as
BαR+1 =
(5.05× 104)αRC(αR)G(αR)(1+ z)
αR+3
1047
SR
SX
(
νR
νX
)
αR
, where αR =ΓR−1 is the synchrotron radio (and hence the IC
X-ray) energy index, νR and νX are the frequencies at SR and
SX are measured respectively, C(αR) is approximately constant
at ∼ 1.15× 1031 over the range of αR = 0.5 – 2.0, and G(αR)
is evaluated as ≃ 0.5 at αR = 0.74 (ΓR = 1.74). This magnetic
field strength is equivalent to the magnetic energy density of
um = 0.92
+0.21+0.52
−0.15−0.35 × 10
−14 ergs cm−3.
For the electron spectral slope of (2ΓR − 1) > 2 (i.e.,
ΓR > 1.5), the ue estimate is known to be rather sensitive to
the assumption on the minimum Lorentz factor of the elec-
trons. However, it has not yet been observationally explored.
Following the previous studies (e.g., Isobe et al. 2011b), we first
evaluated the energy density of electrons with a Lorentz factor
of γe = 103 – 105, because they are directly observable through
the IC and synchrotron radiations. The energy density of these
electrons was derived as ue = 3.9+0.6+1.0−0.7−0.9 × 10−14 ergs cm−3.
This indicates a slight electron dominant condition in the west
lobe, as parameterized by the electron to magnetic field energy
density radio of ue/um = 4.2+1.6+4.1−1.3−2.3. Second, we lowered the
minimum electron Lorentz factor down to γe = 102, since the
existence of such low-energy electrons was suggested in a num-
ber of strong and compact radio galaxies (Brunetti et al. 1997).
In addition, a similar value of the minimum Lorentz factor was
adopted to interpret low-frequency radio data of some giant ra-
dio galaxies (Orru` et al. 2010). As a result, the electron en-
ergy density increased to ue = 12.6+2.0+2.3−2.1−2.1×10−14 erg cm−3.
Correspondingly, the electron dominance in the lobe was found
to become more prominent, as ue/um = 13.7+5.3+8.3−4.3−5.7 .
5.3 Overall picture
Figure 8 compiles the relation between ue (for γe = 103 – 105)
and um in the lobes of radio galaxies, from which the IC X-ray
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emission was detected (Croston et al. 2005; Konar et al. 2010;
Isobe et al. 2011b, and reference therein). The figure clearly
demonstrates that a typical electron dominance of ue/um = 1
– 100 is realized in the radio lobes, regardless of their physical
size (Isobe et al. 2002; Isobe et al. 2005; Isobe et al. 2006; Isobe
et al. 2009; Isobe et al. 2011a; Isobe et al. 2011b). Our Suzaku
result on the west lobe of the giant radio galaxy 3C 236 is found
to be fully compatible with this picture.
Due to their low energy densities, the IC-detected giant ra-
dio galaxies are distributed in the bottom-left end of the ue–um
plot (i.e., figure 8). In the discussion, we neglect the lobes of
the giant radio galaxy, 3C 457, which is located around the cen-
ter in figure 8, since it is reported to be one of the youngest
sources (Tage ∼ 30 Myr; Konar et al. 2010) among the giant
radio galaxies. In the lobes of giant radio galaxies, a domi-
nance of the IC radiative loss over the synchrotron one is the-
oretically pointed out, because their magnetic energy density
is predicted to be less than the CMB energy density (Ishwara-
Chandra & Saikia 1999). The recent Suzaku results on the gi-
ant radio lobes (Isobe et al. 2009; Isobe et al. 2011a; Isobe et
al. 2011b), including our present result on 3C 236, have obser-
vationally confirmed this idea, by demonstrating a condition of
um/uCMB < 0.1. Especially, the IC loss is extremely dominant
in 3C 236 as um/uCMB ∼ 0.01.
In figure 9, the electron energy density in the lobes are plot-
ted against the total projected length of the radio galaxies, D.
Isobe et al. (2009) proposed that a lobe evolves along a track
of ue ∝ D−2 on the plot, while it is actively energized by its
jet. The lobe is also predicted to deviate from the ue–D track
toward a lower ue value, due to significant radiative and adia-
batic losses, after the energy import by its jet has ceased. The
relation of ue ∝D−1.9±0.4 observed for the radio galaxies with
a moderate size of D <∼ 900 kpc (the dashed line in figure 9;
Isobe et al. 2011b) is thought to qualitatively back up the for-
mer idea. The latter scenario was observationally demonstrated
by the radio galaxy Fornax A which is reported to host a very
dormant nucleus and jet. As is shown in figure 9, the electron
energy density in the lobes of Fornax A is by more than a factor
of 10 smaller than the value expected from the ue–D regression
line for the radio galaxies with D < 900 kpc.
The recent systematic studies with Suzaku (e.g., Isobe et al.
2011a; Isobe et al. 2011b) revealed that the lobes of the giant ra-
dio galaxies tend to exhibit a lower ue value by nearly an order
of magnitude, in comparison to the simple extension of the re-
gression line for the D<∼ 900 kpc radio galaxies. This is clearly
visualized in figure 9. By analogy with Fornax A, this property
indicates that the activity of the jets in the giant radio galaxies
have been already declined, and their energy input to the lobes
is currently defeated by the radiative and adiabatic losses of the
electrons (Isobe et al. 2011a; Isobe et al. 2011b). In contrast, ue
in the west lobe of 3C 236 coincides with the value estimated
Fig. 8. ue – um relation in lobes of radio galaxies (Croston et al. 2005; Isobe
et al. 2009; Isobe et al. 2011a; Isobe et al. 2011b; Konar et al. 2010, and
reference therein). ue is evaluated for the electron Lorentz factor of γe=103
– 10
5
. The 3C 236 west lobe is pointed by the filled red circle. The lobes
of giant radio galaxies (D >∼ 1 Mpc) are plotted with the filled blue triangles,
while those of moderate radio galaxies are indicated by the open diamonds.
For lobes shown with the crosses, only the upper limit on the IC X-ray flux
(correspondingly the upper and lower limits on ue and um, respectively) was
determined. The diagonal dotted lines represent the condition of ue/um=1,
10, and 100.
from the ue–D relation for the smaller sources. This result sug-
gests that the lobe is still supplied with a sufficient energy from
the jet. Even though the current lobe is energetically decoupled
from the jet, it has not yet entered a cooling-dominant regime.
The ongoing energy transport (or transport until recently) to
the west lobe of 3C 236 appears to be reinforced by the obser-
vational fact that the radio spectrum around the west hot spot
(e.g., ΓR = 1.69 in 326 MHz – 10.6 GHz for the western hot
spot region in Mack et al. 1998) is harder than those in the sur-
rounding regions. Barthel et al. (1985) closely investigated sim-
ilarities between the small-scale (∼ 2 kpc) and large-scale (∼
Mpc) radio structures. They pointed out that the interaction of
the jet with the interstellar medium in the central region of 3C
236, creating the small-scale structure, continued for more than
an order of magnitude longer than ∼ 10 Myr. The interaction is
inferred to have consequently formed the the Mpc-scale lobes.
The energy supply to the lobe is possible to be maintained by
such a long-lasting inteaction.
In contrast, the lack or weekness of the radio jet connect-
ing the radio structures in small and large scales especially to-
ward the west direction (Barthel et al. 1985), which is reminis-
cent of giant double-double radio galaxies (Schoenmakers et al.
1999), implies that the jet activity in 3C 236 is highly variable or
episodic, rather than stable over its life time (e.g., O’Dea et al.
2001; Schilizzi et al. 2001). By comparing the dynamical age
of the small-scale structure (>∼ 0.1 Myr) and the radiative age
of young electrons contained in the hot spots within the large-
scale lobes (Mack et al. 1998), O’Dea et al. (2001) proposed
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that the jet had been possibly switched off for ∼ 10 Myr. A
high-resolution VLBI image (Schilizzi et al. 2001) supports a
recent ignition of a one-sided jet to the west in a 10 mas scale
(corresponding to ∼ 20 pc at the 3C 236 rest frame). The jet
reactivation was suggested to be triggered ∼ 0.1 Myr ago by a
minor merger event that took place ∼ 10 Myr ago (Labiano et
al. 2013).
We briefly examine the impact of adiavatic and radiative
losses during the suggested jet hibernation. When the distance
from the nucleus to the lobe edge (∼ 1.6 Mpc) is devided by
the source age (Tage = 98 Myr; Schoenmakers et al. 2000),
the time-averaged advance speed of the 3C 236 west lobe is
roughly evaluated as ∼ 0.05c. This agrees with the typical lobe
speed measured for Fanaroff-Riley II radio galaxies (0.03c –
0.1c; Alexander & Leahy 1987). At the advance speed, the lobe
head proceeds to∼ 160 kpc in 10 Myr. This results in an expan-
sion of the west lobe volume by less than ∼ 40 %. Therefore,
the adiabatic loss during the jet dormancy is considered to be
relatively insignificant in the 3C 236 west lobe. The radiative
time scale of the electrons in the west lobe is evaluated as ∼ 16
Myr (γe/105)−1 where both the synchrotron and IC radiation is
taken into account. Here, the electron Lorents factor of γe=105
corresponds to the synchrotron photons of ∼ 5 GHz under the
magnetic field strength of B = 0.48 µG which is measured in
this study. This means that the radiative cooling due to the jet
hibernation is neglidgible to the electrons, for which we inte-
grated the energy density ue (i.e., γe = 103 – 105 or 102 – 105).
As mentioned above, the flat synchrotron spectrum in the hot
spot is compatible with the scenario that the west lobe of 3C
236 has not yet been in the cooling domain. Therefore, we have
concluded that our result does not contradict to the reported sus-
pention of the jet ejection.
Another energy injection channel is hinted in the 1.4 GHz
radio image by Barthel et al. (1985), which reveals a wiggling
inner ridge in the central region of the west lobe. They inter-
preted that the rigde was created by a recent jet penetrating the
west lobe. This possibly yields a very attractive idea that the
new jet re-energizes the west lobe and prevents it from being
cooled in the future.
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